The molecular diagnosis of mitochondrial disorders still remains elusive in a large proportion of patients, but advances in next generation sequencing are significantly improving our chances to detect mutations even in sporadic patients. Syndromes associated with mitochondrial DNA multiple deletions are caused by different molecular defects resulting in a wide spectrum of predominantly adult-onset clinical presentations, ranging from progressive external ophthalmoplegia to multi-systemic disorders of variable severity. The mutations underlying these conditions remain undisclosed in half of the affected subjects. We applied next-generation sequencing of known mitochondrial targets (MitoExome) to probands presenting with adult-onset mitochondrial myopathy and harbouring mitochondrial DNA multiple deletions in skeletal muscle. We identified autosomal recessive mutations in the DGUOK gene (encoding mitochondrial deoxyguanosine kinase), which has previously been associated with an infantile hepatocerebral form of mitochondrial DNA depletion. Mutations in DGUOK occurred in five independent subjects, representing 5.6% of our cohort of patients with mitochondrial DNA multiple deletions, and impaired both muscle DGUOK activity and protein stability. Clinical presentations were variable, including mitochondrial myopathy with or without progressive external ophthalmoplegia, recurrent rhabdomyolysis in a young female who had received a liver transplant at 9 months of age and adult-onset lower motor neuron syndrome with mild cognitive impairment. These findings reinforce the
Introduction
The replication of mitochondrial DNA relies on a set of proteins encoded by the nuclear genome (Wanrooij and Falkenberg, 2010) . This is relevant for human health because mutations in genes encoding these factors have been described in familial and sporadic cases of autosomal mitochondrial diseases (Copeland, 2008) . Further, mitochondrial disorders associated with mitochondrial DNA instability affect all stages of life.
A group of infantile or early-onset disorders, collectively termed mitochondrial DNA depletion syndromes, is characterized by a massive reduction of mitochondrial DNA content. Three main clinical presentations are known: myopathic, encephalomyopathic and hepatocerebral, depending on the tissues affected and their residual mitochondrial DNA levels (Rö tig and .
The coexistence of mitochondrial DNA depletion and multiple deletions is a feature of mitochondrial neurogastrointestinal encephalopathy, which typically has juvenile onset; symptoms begin before age 20 years in $60% of patients (Hirano et al., 2004) .
In adult life, the number of mitochondrial DNA multiple deletions in skeletal muscle increases with age because of defective or unreliable replication of mitochondrial genomes (Krishnan et al., 2008; Yu-Wai-Man and Chinnery, 2012) . In patients with multiple mitochondrial DNA deletions, the first, as well as predominant symptom is progressive external ophthalmoplegia (Zeviani et al., 1989) , but additional clinical features may include sensory axonal neuropathy, optic atrophy, ataxia, hypogonadism and parkinsonism (Suomalainen et al., 1992; Luoma et al., 2004) .
The autosomal dominant form of progressive external ophthalmoplegia is genetically heterogeneous. Indeed, mutations have been disclosed in subunits of DNA polymerase gamma, POLG1 (Van Goethem et al., 2001) and POLG2 (Longley et al., 2006) , the helicase Twinkle (PEO1, Spelbrink et al., 2001) , the adenine nucleotide translocator ANT1 (SLC25A4, Kaukonen et al., 2000) and the protein p53R2, encoded by RRM2B gene and involved in the cytoplasmic pathway for de novo synthesis of deoxynucleotide triphosphates (dNTPs) (Tyynismaa et al., 2009) . Multiple mitochondrial DNA deletions have also been observed in patients with autosomal dominant optic atrophy and multi-system clinical involvement (including progressive external ophthalmoplegia) because of defects in genes involved in the mitochondrial fusion pathway, such as OPA1 Hudson et al., 2008) and MFN2 (Rouzier et al., 2012) .
Conversely, the autosomal recessive form of progressive external ophthalmoplegia has only been associated with mutations in POLG1 and, recently, with mutations in TK2, which encodes the mitochondrial isoform of thymidine kinase that catalyses the rate-determining step of the pyrimidine salvage pathway (Tyynismaa et al., 2012) .
Defects in the same gene might result in strikingly different manifestations. Indeed, mutations in RRM2B and TK2 have also been associated with encephalomyopathic or myopathic forms of mitochondrial DNA depletion syndrome Galbiati et al., 2006; Bourdon et al., 2007) . Similarly, recessive mutations in POLG1 (Isohanni et al., 2011) and PEO1 (Nikali et al., 2005; Hakonen et al., 2007) have been found in early-onset hepatocerebral forms of mitochondrial DNA depletion syndrome.
Molecular diagnosis is not achieved in a large proportion of patients with mitochondrial DNA instability (Virgilio et al., 2008; Spinazzola et al., 2009) . Recent advances in next-generation sequencing hold the promise to overcome this limitation, and its application to mitochondrial disorders has already achieved genetic diagnoses in both familial and sporadic patients (Calvo et al., 2010 .
Here, we have applied targeted next-generation sequencing of nuclear genes encoding either known or likely mitochondrial factors (MitoExome) in a cohort of adult-onset patients and found recessive mutations in DGUOK (Johansson and Karlsson, 1996) in three independent probands with cytochrome c oxidase (COX)-negative fibres and multiple mitochondrial DNA deletions in muscle. Mutational screening of DGUOK in a larger series of adult patients revealed pathogenic mutations in three more subjects. The effects of these mutations were investigated at a protein and biochemical level.
Mutated patients showed heterogeneous clinical presentations, including an uncommon adult-onset lower motor neuron disease with mild cognitive impairment.
Our study demonstrates the efficacy of MitoExome analysis in adult patients, expands the spectrum of disorders caused by mutations in DGUOK and suggests that DGUOK be screened in patients harbouring mitochondrial DNA multiple deletions.
Materials and methods

Patients
Clinical data are summarized in Table 1 .
Patient 1 is a 69-year-old woman who had suffered from progressive external ophthalmoplegia and ptosis for the past 11 years. Other skeletal muscles were unaffected. An electromyography (EMG) showed a myogenic pattern. Resting serum lactate was moderately increased, as was post-exercise creatine kinase. A sister was reported A = axonal; BMRI = brain MRI; D = demyelinating; HCC = hepatocarcinoma; M = myogenic pattern; mtDNA = mitochondrial DNA; N = neurogenic pattern; PEO = progressive external ophthalmoplegia; SPECT = single-photon emission computed tomography; RRF = ragged-red fibres; EMG = electromyography; mtDNA = mitochondrial DNA; PCR = polymerase chain reaction.
to suffer from exercise intolerance. Quadriceps muscle biopsy showed preserved structure but several COX-negative fibres, some of which were ragged-red. Patient 2 is a 72-year-old woman who had bilateral ptosis and progressive external ophthalmoplegia for 420 years and only in the later years started to complain of upper and lower limb girdle weakness with leg cramps. She also reported occasional dysphagia for liquids. Family history was negative for neuromuscular disorders. Neurological examination confirmed the presence of marked ptosis and ophthalmoplegia and disclosed limb girdle and proximal muscle weakness (Medical Research Council score between 3 and 4 in both upper and lower limbs). Serum creatine kinase levels were persistently increased (up to 2000 U/l), whereas both pyruvate and basal lactate were normal. EMG examination was myopathic in both proximal and distal muscles. A biopsy of the left biceps showed moderate fibre size variability, slight increase of endomysial connective tissue and several COX-negative ragged-red fibres ( Fig. 1D-F) .
Patient 3 is an 80-year-old man who first sought medical attention at the age of 69 years because of exercise-induced muscle pain and lower limb girdle muscle weakness. He further presented non-insulin dependent diabetes mellitus and bilateral cataract. Blood examination showed mild increase of liver enzymes and creatine kinase levels (257 U/l). Electromyography disclosed a myogenic pattern with some lumbar neurogenic signs. A biceps brachii muscle biopsy showed focal COX deficiency and some ragged-red fibres. At age 78 years, he underwent surgery for the removal of a large hepatocarcinoma.
Patient 4 is a 23-year-old woman born after normal pregnancy and delivery, with negative family history. At 18 months of life, she presented with sub-icterus and hypoglycaemia, soon followed by ascites and hepatosplenomegaly. Liver insufficiency led to liver transplantation at 9 months of age. Histology of the affected liver did not disclose the cause of liver failure; the patient was then started on immunosuppressant therapy and developed normally. She was later diagnosed with mitochondrial disease at the age of 20 years, when a massive increase in serum creatine kinase (13 000 U/l) was observed during an episode of gastroenteritis associated with leg weakness. This presumably viral gastroenteritis resolved in a week with normalization of the creatine kinase level. Four months later, the patient had another episode of rhabdomyolisis. Neurological examination showed decreased muscle strength with scapulo-peroneal distribution. The EMG was myopathic. A muscle biopsy showed moderate myopathic signs (some hypotrophic fibres, rare central nuclei and splittings) associated with severe COX deficiency and the presence of many ragged-red fibres. (Fig. 1A-C) .
Patient 5.1, a 48-year-old woman, had an 8-year history of slowly progressive, predominantly distal, upper and lower limb muscle weakness, mild dysphonia and dysphagia. Her mother had died at the age of 59 in a hospice after suffering for several years from an undefined neurological disorder (clinical records were not available). At the age of 46 years, our patient presented a major depressive episode, requiring hospitalization. When seen at age 48 years, neuropsychological evaluation demonstrated reduced performances with naming test and decreased short-and long-term spatial and verbal memory. Mini-Mental Status Examination was 23/30. She had mild bilateral ptosis with right convergent strabismus, dysphagia for solids, mild bilateral weakness of the trapezius and sterno-cleidomastoid muscles and tongue hypotrophy. Both proximal and distal limb muscles were wasted and showed diffuse fasciculations. Medical Research Council strength evaluation was as follows: biceps brachii: 3, triceps: 3, hand opponens: 3 and hand interossei: 4. The patient could not walk without support, climb stairs or stand on her heels or toes. Deep tendon reflexes were absent, and superficial and deep somatic sensations were normal.
At blood examination, liver function was normal, whereas serum creatine kinase levels were slightly increased (196 IU; normal values 5180). Electrocardiography (EKG) was normal. An EMG study showed marked neurogenic signs in all four limb muscles, together with fibrillation and fasciculation potentials, with exception of cervical dorsal and lumbar paravertebral muscles. Sensory action potentials of the ulnar, median and sural nerves were normal, whereas nerve conduction velocities of the peroneus, ulnar, median and tibialis nerves were moderately decreased. Electroencephalography (EEG) and citrate synthase analysis were also normal. Brain Magnetic Resonance Imaging (MRI) showed cortico-subcortical atrophy. A Tc99m-HMPAO (Tchexamethylpropyleneamine oxime) cerebral single-photon emission computed tomography showed mild decrease of perfusion of the parietal cortex, anterior cingulus and left thalamus. A biopsy of the biceps brachii muscle showed variability of fibre size, fibre splitting, central nuclei, few succinate dehydrogenase (SDH)-intensely positive fibres ('ragged-blue' fibres) and scattered focal COX deficiency.
Patient 5.2 is the 46-year-old brother of Patient 5.1. He had noted weight loss since age 44 and came to medical attention after his sister was investigated. He complained of general asthenia, mild dysphonia and dysphagia. An EMG at age 45 years showed neurogenic signs and active denervation in distal upper and lower limb muscles. Serum creatine kinase was moderately increased (235 UI/l).
The propositus had had several episodes of abdominal pain in the past 2 years. Neurological examination showed mild bilateral ptosis, decreased muscle bulk of hand interossei and bilateral lower limb muscle hypotrophy with predominant proximal weakness. Tendon reflexes were ubiquitously absent, and there was mild bilateral dysmetria. The patient tested positive for HIV1 infection. Citrate synthase analysis showed increased protein (72 mg/dl) and Link's index; several oligoclonal bands were also observed. The EEG was unremarkable. Brain MRI showed mild cortical atrophy. Audiometry disclosed bilateral sensorineural hypoacusia. Abdominal echography showed normal liver size but moderately dyshomogeneous liver structure. Electroneurography revealed decreased nerve conduction velocities of right median and peroneal muscles and decreased sensory action potential amplitude of sural and median nerves. A triceps brachii muscle biopsy showed a severe neurogenic pattern with scattered SDH hyperintense COX-negative fibres (Fig. 1G-I ). Sural nerve biopsy documented severe axonal neuropathy. Fibre density was decreased: 2538 fibres/mm 2 (normal values: 5600 AE 900); teasing analysis showed total demyelination in 22% of fibres.
Histological studies of muscle
Muscle samples were frozen in cooled isopentane and stored in liquid nitrogen for histological and histochemical analyses, including modified Gomori Trichrome staining, COX activity, SDH activity and double COX/SDH staining according to standard protocols (Sciacco et al., 2001) .
Mitochondrial DNA molecular analysis
Total DNA was extracted from muscle using standard phenolchloroform procedure. Long-range PCR and Southern blot analysis were performed as previously described (Zeviani et al., 1990) . Mitochondrial DNA quantification in muscle was performed by real-time quantitative PCR as previously described (Spinazzola et al., 2006) , using primers and probes for the human cytb gene (mitochondrial DNA) and the APP gene (nuclear DNA). All determinations were carried out in triplicate using 25 ng of total DNA as a template. Primer sequences and PCR conditions are available on request. Levels of mitochondrial DNA were normalized to nuclear DNA and expressed in terms of relative quantification values, using as reference (relative quantification = 1) the amount of mitochondrial DNA detected in skeletal muscle from a pool of healthy age-matched controls. Results were analysed with the Student's t-test.
MitoExome sequencing
We used an in-solution hybridization capture method (Gnirke et al., 2009 ) to isolate target DNA, which was sequenced on the Illumina GA-II platform (Bentley et al., 2008) . The 4.1 Mb of targeted DNA included the 16 kb mitochondrial DNA and all coding and untranslated exons of 1381 nuclear genes, including 1013 mitochondrial genes from the MitoCarta database (Pagliarini et al., 2008) , 21 genes with recent strong evidence of mitochondrial association and 347 additional genes.
The sequencing was performed with a pair-end approach and an average coverage of 142 Â . All analyses were restricted to the mitochondrial DNA and coding exons of the 1034 genes with confident evidence of mitochondrial association (1.4 Mb), including those previously involved in paediatric and adult-onset presentations showing defective mitochondrial DNA maintenance . Sequence analysis, variant detection and variant prioritization were performed as previously described .
Estimates of variant allele frequency were obtained from the Exome Variant Server (National Heart, Lung, and Blood Institute Exome Sequencing Project, http://evs.gs.washington.edu/EVS/) and by analysing available whole-exome data from 371 healthy individuals of European ancestry obtained with permission from the National Institute of Mental Health (NIMH) control sample collection.
Sequencing of nuclear genes
The coding regions of POLG1 (NM_002693.2), SLC25A4 (ANT1) (NM_001151.3), PEO1 (Twinkle) (NM_021830.3) and POLG2 (NM_007215.3) genes were sequenced as previously described (Virgilio et al., 2008) . Standard Sanger sequencing ruled out OPA1 (NM_130833.1), RRM2B (NM_015713.3), TK2 (NM_004614.3) and MFN2 (NM_014874.3) genes in selected patients. For the analysis of DGUOK (NM_080916.2), all exons were amplified with intronic primers as described in Mandel et al. (2001) .
PCR products were purified with ExoSAP-IT enzyme (USB), processed with a Big Dye Õ Terminator Sequencing protocol (Applied Biosystems) and electrophoresed on an ABI 3100 automated sequencer (Applied Biosystems).
Transcript analysis
Muscle from Patient 5.1 and unaffected controls was homogenized, and total RNA was extracted using the Eurozol protocol (Euroclone). First-strand complementary DNA was synthesized from total RNA with random hexamer primers using the First-Strand cDNA Synthesis kit (GE Healthcare). PCR was performed on muscle complementary DNA using primers that amplify the complete coding region of the DGUOK transcript and primers that amplify part of the transcript, from exon 3 to 6. Primer sequences are available on request. The resulting PCR products were sequenced to detect aberrant transcripts and to determine the number of transcribed alleles based on the presence of the c.509 A4G variant.
Protein analysis
Protein aliquots (40 mg) obtained from skeletal muscle lysates were separated on 12% polyacrylamide gel and blotted to nitrocellulose membrane (Whatman). Membranes were decorated with a monoclonal anti-DGUOK antibody (Sigma) and detected with secondary antibody and ECL plus chemiluminescent detection system (Amersham Biosciences). Quantitative data were normalized to the signal obtained for GAPDH (Santa Cruz). Densitometry analysis of normalized DGUOK protein levels was performed using ImageJ tool (http://rsbweb.nih.gov/ij/).
Enzymatic measurements
Frozen muscle samples ($35 mg) were processed as described in Arner et al. (1992) . The DGUOK activity was measured radiochemically by a procedure described in Mousson de Camaret et al. (2007) , using 2-[8-3H] dG (deoxyguanosine, Moravek Biochemicals) as substrate. Any interference of cytosolic deoxycytidine kinase was excluded by performing the reactions in the presence of 2 mM deoxycytidine. Assays were initiated by addition of 30 mg of proteins per assay and conducted at 37 C.
Activities are expressed in picomoles of transformed substrate per minute per milligram of protein (pmol/min/mg). The determination of citrate synthase and phosphoglucose isomerase activities was performed as previously described (Bergmeyer and Bernt, 1974) .
Results
Molecular analysis of mitochondrial DNA
Mitochondrial DNA from muscle samples was analysed by Southern blot and long-range PCR analysis. A pattern of multiple mitochondrial DNA deletions was observed in Southern blots in all patients, and it was particularly evident in Patients 1, 3 and 4 ( Fig. 2A) . In all probands, multiple mitochondrial DNA deletions were also detected by long-range PCR analysis (Fig. 2B) . Assessment of relative mitochondrial DNA copy number by real-time quantitative PCR in muscle failed to show any evidence of depletion compared with healthy age-matched controls (Fig. 2C) . We also evaluated the amount of mitochondrial DNA in muscle samples from patients with autosomal dominant or recessive progressive external ophthalmoplegia due to mutations in POLG1 or PEO1 genes (n = 4 for each group). There were no significant differences among these patients, our probands and age-matched control subjects (Fig. 2D) .
Identification of causative mutations in the DGUOK gene
We performed next-generation sequencing of coding exons from 1034 nuclear-encoded mitochondrial-associated genes and the mitochondrial DNA (collectively termed 'MitoExome') in three adult patients with mitochondrial myopathy and multiple mitochondrial DNA deletions in skeletal muscle (Patients 1, 2 and 3). DNA was captured by an in-solution hybridization method (Gnirke et al., 2009) and sequenced on an Illumina GA-II platform (Bentley et al., 2008) . Analysis of genes involved in multiple mitochondrial DNA deletions disorders (POLG1, POLG2, SLC25A4, PEO1, RRM2B, OPA1, TK2 and MFN2) had already excluded the presence of pathogenic mutations in our patients.
All of the probands harboured compound heterozygous mutations within the DGUOK coding sequence (Fig. 3A) . We point out that heterozygous coding mutations in DGUOK are extremely rare, as none were detected in whole-exome data from 371 healthy individuals.
Sequence analysis in Patient 1 disclosed the c.605_606delGA microdeletion, which produces a premature stop codon (p.R202YfsX12), and the missense variant c.462T4A resulting in the p.N154K change at the protein level. Two single-nucleotide variants, c.130 G4A (p.E44K) and c.462T4A, were identified in Patient 2. Patient 3 harboured the novel nonsense mutation c.186C4A, which results in a premature stop codon (p.Y62X), and the c.509A4G (p.Q170R) variant. These mutations were confirmed by standard sequencing.
We then performed mutational screening of DGUOK in a cohort of 51 undiagnosed patients in whom multiple mitochondrial DNA deletions in muscle had been detected by Southern blot and PCR analyses. We discovered the microdeletion c.605_606delGA in compound with the c.137A4G transition resulting in the p.N46S change in a fourth subject (Patient 4). In two siblings (Patients 5.1 and 5.2) with an adult-onset form of lower motor neuron disease, sequence analysis revealed the c.509A4G point mutation and a single base substitution in intron 3 (c.444-11C4G), which had been previously reported in a child with hepatocerebral mitochondrial DNA depletion syndrome (Dimmock et al., 2008a) (Fig. 3B ).
All missense mutations described earlier, leading to amino acid changes in the DGUOK protein, affect residues that are evolutionarily conserved across species (Fig. 3C) .
We checked the frequency of alleles carrying missense mutations by standard sequencing in a group of Italian controls: p.Q170R occurred four times in 198 alleles analysed (2%), while p.E44K, p.N46S and p.N154K were not found in 226 control alleles. Additionally, allele frequencies were assessed using the Exome Variant Server, which contains 410 000 analysed chromosomes: p.Q170R was detected in 171/10 587 chromosomes (1.6%); p.N154K was detected in 4/10 754 chromosomes (0.04%), whereas the remaining variants were not detected.
Analysis of single nucleotide variations
The amino acid substitutions p.N154K and p.Q170R were reported in the dbSNP database (http://www.ncbi.nlm.nih.gov/ projects/SNP/) with a frequency of 0.002 and 0.029, respectively. The previously described p.E44K, p.N46S and p.Q170R changes were reported as causative mutations in several articles .
Two software programs were used to predict the overall severity of the identified single-nucleotide mutations leading to amino acid substitutions: PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/, Sunyaev et al., 2001) and SIFT (Sorting Intolerant From Tolerant, http://sift.bii.a-star.edu.sg/, Ng and Henikoff, 2003) . Default conditions were used for both programs. The prediction of the impact of these variants using PolyPhen-2 suggested that all of them would affect the structure and the function of DGUOK. According to SIFT analysis, all variants are predicted to be deleterious with the exception of p.Q170R, which appeared to be a tolerated change.
We also evaluated the effect of the c.444-11C4G mutation which had been found to result in abnormal splicing by bioinformatics analysis (Dimmock et al., 2008b) . In silico prediction analysis using NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/), NNSplice (http://www.fruitfly.org/seq_tools/splice.html) and Genio (http://biogenio.com/splice/) (Houdayer, 2011) tools confirmed the prediction of an abnormal splicing resulting from the loss of an acceptor splice site for exon 4.
To document this deleterious effect on DGUOK transcript, we performed reverse transcriptase PCR analysis on muscle-derived messenger RNA from Patient 5.1 and from healthy controls: no aberrant transcript was identified when the full-length DGUOK complementary DNA was considered (data not shown). However, Patient 5.1, who was heterozygous (A4G) for the single-nucleotide mutation c.509A4G on genomic DNA, showed only the G allele when we sequenced her muscle DGUOK complementary DNA (Fig. 4A) . These data support the absence of DGUOK messenger RNA transcript derived from the allele harbouring the c.444-11C4G mutation, most likely because of nonsense-mediated messenger RNA decay.
Western blot analysis of skeletal muscle protein extracts from Patients 1, 2, 4 and 5.2 demonstrated a reduction of DGUOK protein levels (Fig. 4B) . Normalized DGUOK staining in Patients 1 and 4 was compatible with the loss of a transcribed allele because of the heterozygous nonsense mutation disclosed at genomic level. Conversely, a significant amount of DGUOK protein, albeit less than in control muscles, was retained in Patient 2, who harboured two missense changes, and in Patient 5.2, who harboured a splicing mutation.
Biochemical studies
To confirm the pathogenicity of the mutations identified in our patients, we measured DGUOK activity in muscle extracts (Table 2 ). No significant difference was seen in measurements conducted in the presence or absence of non-radioactive deoxycytidine. As an internal control, we also measured the activities of citrate synthase, a matrix mitochondrial enzyme, and the cytosolic phosphoglucose isomerase.
Normalized DGUOK/citrate synthase activities demonstrated a significant reduction in muscle from Patients 1, 2, 4 and 5.1. No muscle samples were available for biochemical studies from Patient 3. Residual activity ranged from 19 to 45% when compared with three unaffected controls. Phosphoglucose isomerase and citrate synthase activities were similar in all samples analysed, arguing against a spuriously low DGUOK activity in patients' muscle because of poor sample preservation.
Discussion
DGUOK encodes the mitochondrial deoxyguanosine kinase that catalyses the first reaction of the purine salvage pathway in the mitochondrial matrix, which is essential for mitochondrial DNA maintenance (Jullig and Eriksson, 2000) .
To date, autosomal recessive DGUOK mutations had been described in infants or young children presenting with severe encephalopathy associated with liver failure and liver mitochondrial DNA depletion (hepatocerebal mitochondrial DNA depletion syndrome phenotype), often leading to premature death . Exceptionally, moderate muscle mitochondrial DNA depletion was documented in a 14-year-old patient with muscle weakness, who harboured compound heterozygous DGUOK mutations (Buchaklian et al., 2012) .
We report an unexpected and previously unreported causative role of DGUOK in the pathogenesis of heterogeneous adult-onset disorders associated with mitochondrial DNA instability reflected by multiple mitochondrial DNA deletions in skeletal muscle. Patients 1 and 2 developed late-onset progressive external ophthalmoplegia sparing other muscle groups. Both of them presented the same DGUOK gene missense mutation c.462T4A (p.N154K) in association with two different variants whose deleterious effects were previously documented (Dimmock et al., 2008a; Spinazzola et al., 2009) . Conversely, the functional consequence of N154K substitution had not been previously assessed. In our study, biochemical analysis performed in muscle from Patients 1 and 2 revealed a severe defect in DGUOK activity (the lowest residual activity in our cohort) supporting the pathogenicity of the N154K change.
Patient 3, who had a mitochondrial myopathy without progressive external ophthalmoplegia or ptosis, harboured the unpublished nonsense mutation p.Y62X and the missense change p.Q170R. While the deleterious effect of the first variant is self-evident, the significance of the p.Q170R mutation is still uncertain because it has been found in several control chromosomes in previous studies (Dimmock et al., 2008a) . In a group of healthy Italian subjects, we identified this variant with an allelic frequency of 1.98%.
Patient 4 is unique in our cohort because she had flagrant liver involvement as a neonate, leading to organ transplantation at 9 months of age. DGUOK screening revealed the c.605_606delGA microdeletion and the p.N46S mutation. The latter mutation was found in four children with hepatopathy and liver mitochondrial DNA depletion syndrome associated to a second missense substitution (Mousson de Camaret et al., 2007; Sarzi et al., 2007; Dimmock et al., 2008a) . Data collected by other groups had suggested that the p.N46S variant in association with another missense mutation may manifest as isolated hepatopathy with a more benign course (Dimmock et al., 2008a) . The residual DGUOK activity detected in mitochondria isolated from patients harbouring two missense mutations Mousson de Camaret et al., 2007) may contribute to sustain replication of mitochondrial DNA in the critical foetal and perinatal periods. As mitochondrial DNA synthesis decreases progressively after the neonatal period, even a low residual DGUOK activity may suffice to prevent further disease development and allow regeneration of damaged liver. Our patient indirectly confirms this hypothesis: the allele bearing the N46S mutation is the only one able to result in a full, albeit impaired, DGUOK protein. The resulting severe liver failure required organ transplantation, which was successful in correcting liver dysfunction, but could not prevent the development of muscle pathology in the second decade.
The diagnosis of mitochondrial disorder was considered after two episodes of rhabdomyolsis triggered by intercurrent febrile illnesses. Although this is apparently a case of adult-onset mitochondrial metabolic myopathy, we think the myopathy was the long-term clinical outcome of a DGUOK-related liver failure successfully treated by liver transplantation early in life. A study addressing the long-term outcome of liver transplantation in DGUOK-mutated patients showed that neurological dysfunction in the first months of life seems to be the only negative predictor of long-term survival (Dimmock et al., 2008a) .
Patient 4 is the first known DGUOK case who initially developed isolated liver disease and, after transplantation, reached adult life when she developed a mitochondrial myopathy with accumulation of multiple mitochondrial DNA deletions. DGUOK activity in skeletal muscle was markedly decreased, which may explain the accumulation of damaged mitochondrial DNA molecules leading to muscle disease. However, the residual activity was unexpectedly high, considering the early muscle involvement experienced by this patient.
Only longitudinal studies of more DGUOK patients transplanted in childhood will clarify if the late-onset development of neurological symptoms and the involvement of skeletal muscle are consistent features or uncommon complications.
Finally, we identified DGUOK mutations in two siblings with an unusual adult-onset form of lower motor neuron disease and mild Conversely, transcript analysis showed only the G allele, suggesting loss of the allele harbouring the c.444-11C4G mutation. Amplicons were prepared from first-strand complementary DNA using PCR primers designed on exon 3 and 6. (B) Analysis of DGUOK protein normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from muscle lysates of Patients 1, 2, 4, 5.2 and unaffected controls. Densitometric analysis showed that the normalized DGUOK staining in affected subjects was reduced by 20-45% compared with healthy controls. cognitive impairment. Both harboured the p.Q170R mutation and the intronic nucleotide substitution c.444-11C4G. Both siblings showed COX-negative fibres and multiple mitochondrial DNA deletions in skeletal muscle. We performed protein and biochemical analysis in muscle from Patient 5.2 confirming the detrimental effect of the mutant genotype on protein stability and residual activity. The reduction of DGUOK activity by 70% compared with controls supports the pathogenetic role of Q170R mutation, although further confirmation will be provided by biochemical assays performed in Q170R carriers or using the purified recombinant protein.
Although we cannot exclude the coexistence of an unknown molecular defect causing the lower motor neuron disease in these patients, it is unlikely that the effects of DGUOK mutations are limited to the oxidative defect revealed in skeletal muscle by histochemical analysis. Lower motor neuron disorders compatible with spinal muscular atrophy or amyotrophic lateral sclerosis have been described in several paediatric and adult patients with primary mitochondrial disorders due to mutations either in mitochondrial DNA or in nuclear genes such as SCO2 and TK2 (see Hirano et al., 2008 for a review). In particular, recessive mutations in TK2 have been associated with heterogeneous paediatric presentations including a Spinal Muscular Atrophy (SMA)-like phenotype with mitochondrial DNA instability in skeletal muscle .
Recessively inherited syndromes characterized by multiple mitochondrial DNA deletions in post-mitotic tissues have been associated with mutations in POLG1 (Stewart et al., 2009) and TK2 (Tyynismaa et al., 2012) . They are clinically heterogeneous but usually feature progressive external ophthalmoplegia and ptosis, or, in the case of TYMP mutations, result in the more complex mitochondrial neurogastrointestinal encephalopathy phenotype (Garone et al., 2011) . Finally, in addition to causing juvenile-onset disorders with mitochondrial DNA depletion, recessive MPV17 mutations have been described in two patients presenting adult-onset multi-systemic disorders with neuropathy and leukoencephalopathy, both featuring multiple mitochondrial DNA deletions in muscle (Blakely et al., 2012; Garone et al., 2012) .
Our study has identified recessive DGUOK mutations as an unexpected cause of multiple mitochondrial DNA deletions associated with late-onset mitochondrial disorders. After the discovery of RRM2B (Tyynismaa et al., 2009) and TK2 (Tyynismaa et al., 2012) mutations in patients with adult-onset mitochondrial DNA instability disorders, the involvement of DGUOK highlights the importance of both the cytoplasmic de novo synthesis and the mitochondrial nucleoside salvage pathway in the maintenance of balanced nucleotide pools and adequate mitochondrial DNA replication in adult skeletal muscle. Together, these studies bolster the notion that the crosstalk between nuclear and mitochondrial DNA is more dynamic than expected: the impairment of nuclear-encoded factors controlling replication and repair of mitochondrial DNA gives rise to a spectrum of clinical phenotypes affecting both infants and adults.
The biochemical evaluation of DGUOK activity in our patients clearly shows that loss-of-function mutations may impair enzyme activity in skeletal muscle. The degree of residual activity does not correlate with age at onset of muscle involvement or with the abundance of multiple mitochondrial DNA deletions in this tissue. However, residual DGUOK activities are higher than those observed in liver of children, which are generally 515% of controls. The long exposure of post-mitotic skeletal muscle cells to reduced (albeit not dramatically low) levels of DGUOK activity may increase the proportion of deleted mitochondrial DNA molecules over time and result in a clinical phenotype only in adult life.
Mutations in DGUOK gene occurred in five independent patients of our cohort. These account for 9.8% of genetically undiagnosed subjects (n = 51) carrying multiple mitochondrial DNA deletions and for 5.6% of all probands (n = 90) carrying multiple mitochondrial DNA deletions confirmed by Southern blot and long-range PCR analyses. Mutations in POLG1 remain the major cause of disorders with multiple mitochondrial DNA deletion, accounting for $20-25% of all patients with mitochondrial disease, followed by mutations in PEO1, which account for another 15-18% (Virgilio et al., 2008; Fratter et al., 2011) .
Our observation was made possible by the application of next-generation sequencing restricted to mitochondrial DNA and nuclear genes involved in mitochondrial structure and function. It is likely that other defects leading to the accumulation of multiple mitochondrial DNA deletions in skeletal muscle will be identified in nuclear genes not comprised in our platform because their mitochondrial localization/function is currently unknown. The pathogenicity of the many novel candidate variants disclosed with exomic approach (400-500 12per patient) has to be carefully evaluated. Strong genetic (co-segregation studies and multiple reports of the same variants in independent subjects) and functional data are needed to support their causative role, especially in autosomal dominant and sporadic forms of mitochondrial disorders.
In conclusion, we have identified DGUOK mutations as a novel cause of mitochondrial disease with multiple mitochondrial DNA deletions.
DGUOK mutations were previously reported in 17% of patients with combined respiratory chain deficiency and hepatocerebral presentation (Slama et al., 2005) . Our findings suggest that DGUOK mutational screening in adult patients with ascertained instability of muscle mitochondrial DNA may disclose the molecular defect in many of them.
